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It has been argued that high-multiplicity proton–proton collisions at the LHC may exhibit collective 
phenomena usually studied in the context of heavy-ion collisions, such as elliptic ﬂow. We study this 
issue using DIPSY—a Monte Carlo event generator based on the QCD dipole model. We calculate the 
eccentricity of the transverse area deﬁned by the spatial distribution of produced gluons. The resulting 
elliptic ﬂow is estimated to be about 6%, comparable to the value in nucleus–nucleus collisions at RHIC 
and the LHC. Experimentally, elliptic ﬂow is inferred from the azimuthal correlation between hadrons, 
which receives contributions from collective ﬂow, and from various other effects referred to as “nonﬂow”. 
We discuss how to identify in experiments the signal of ﬂow in the presence of large nonﬂow effects.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Elliptic ﬂow is one of the most important phenomena observed 
in ultrarelativistic nucleus–nucleus collisions [1–3]. An Au–Au colli-
sion at RHIC produces several thousands of particles. If interactions 
among these particles are strong enough they expand collectively 
like a ﬂuid, and elliptic ﬂow is a probe of this collective behav-
ior [4]. The ﬂuid picture is a macroscopic one, which is generally 
valid for a large system. For a system as small as a nucleus, it is 
an idealization which must be amended in order to quantitatively 
understand experimental data [5]. The system formed in proton– 
proton (pp) collisions is even smaller. Yet the possibility has been 
raised that elliptic ﬂow may be seen in pp collisions at the LHC [6–
14]. This is actually a quite nontrivial problem which can only be 
addressed with a proper understanding of the proton wavefunction 
at high energy from QCD, whereas most of the preceding works [6, 
9–13] are based on rather primitive models of the proton. [See, 
however, [7,14].] In this Letter, we study this issue using a full 
Monte Carlo (MC) model of the collision which implements the 
BFKL-type evolution of structure functions, multiple collisions, the 
partonic shower and the subsequent hadronization. This model is 
brieﬂy described in Section 2.
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doi:10.1016/j.physletb.2011.07.031An obvious obstacle to develop collective phenomena in pp col-
lisions is the low multiplicity of hadrons in the ﬁnal state. This 
may be overcome by triggering on high-multiplicity events. In-
deed, it has already been observed in the 7 TeV run at the LHC 
[15,16] that the multiplicity distribution has a broad tail reaching 
out to dNchdη > 30, and this will be further pronounced in future
runs at 14 TeV. Such high-multiplicity events originate from up-
ward ﬂuctuations in the gluon multiplicity inside the proton and 
the subsequent multiple gluon–gluon scatterings. The ﬂuctuations 
in the distribution of gluons in the transverse plane then generates 
nonzero eccentricity of the interaction region even in collisions at 
vanishing impact parameter.2 Assuming hydrodynamic evolution 
for these high-multiplicity events, we estimate the magnitude of 
the resulting elliptic ﬂow in Section 3.
Experimentally, elliptic ﬂow is not measured directly, but in-
ferred from azimuthal correlations between the produced particles. 
These correlations are partly due to elliptic ﬂow, partly due to 
other effects referred to as “nonﬂow” [17]. Nonﬂow correlations 
are sizable for peripheral nucleus–nucleus collisions at RHIC [18], 
and one expects them to be even larger in pp collisions, making 
it a challenging task to disentangle the ﬂow contribution. In Sec-
tion 4, we stress the necessity to look at higher-order cumulants 
of azimuthal correlations, and suggest how to identify ﬂow in light 
of the experimental and MC results.
2 Previous works considered the ﬂuctuation of ‘hot spots’ [13] and ‘ﬂux tubes’
[14]. There the transverse distribution of these objects was assumed to be random. 
In our case the transverse distribution of gluons is governed by the QCD evolution.
E. Avsar et al. / Physics Letters B 702 (2011) 394–397 3952. The model
Our calculations are based on the MC implementation of the
dipole model developed in Lund [19–24]. The dipole model by
Mueller [25,26] realizes the leading-order BFKL evolution of glu-
ons in the transverse coordinate space, which is ideally suited for
the computation of the eccentricity. It is known that the BFKL
evolution generates large event-by-event ﬂuctuations in the gluon
multiplicity [27] as well as characteristic spatial distributions and
correlations in the transverse plane [28,29]. Both of these effects
are important in properly estimating the eccentricity.
For phenomenology, the original leading-order formulation is
impractical, and over the years there have been many improve-
ments of the model. These include the running of the coupling,
energy–momentum conservation, saturation effects, and conﬁne-
ment effects at large dipole separations. [For details, see [19–22].]
The parameters of the model are determined so that they repro-
duce a few observables (such as the total pp cross section) at some
energy. Predictions can then be made for various other observables
at different energies without any further tuning of the parameters.
The MC code that we actually use in the following, called DIPSY
[23,24], is the most advanced version by the Lund dipole team
which has access to all the exclusive ﬁnal states. In this frame-
work, a typical high-multiplicity event looks as follows: Before the
scattering each proton develops a cascade of gluons (or equiva-
lently, dipoles) spread in rapidity and the transverse plane. These
gluons, mostly soft ones, then undergo multiple scatterings. The
evaluation of the non-diffractive scattering amplitude for the two
cascades reduces to that for individual pairs of dipoles, allowing
DIPSY to decide on an event-by-event basis which dipoles inter-
act. It is then possible to trace the interacting parton chains back
from the interactions, and the initial state radiation can be iden-
tiﬁed. All emissions not connected to the interacting chains are
reabsorbed as virtual ﬂuctuations. The initial state radiation is then
passed to ARIADNE [30] that further splits the dipoles with time-
like emissions. After that the dipoles hadronize through the string
fragmentation model in PYTHIA [31,32], giving the observable ﬁnal
states.
3. Eccentricity and the elliptic ﬂow
In a nucleus–nucleus collision, the participant eccentricity part
is deﬁned from the positions (x, y) of participant nucleons within
the nucleus [3]:
part ≡
√
(σ 2y − σ 2x )2 + 4σ 2xy
σ 2y + σ 2x
, (1)
where
σ 2x =
{
x2
}− {x}2,
σ 2y =
{
y2
}− {y}2,
σxy = {x y} − {x}{y}, (2)
and the brackets {· · ·} denote averaging over the participants in a
given event. We shall be interested in the quantities {2} and {4}
deﬁned by
{2} ≡
√〈
2part
〉
, (3)
{4} ≡ (2〈2part〉2 − 〈4part〉)1/4, (4)
where 〈· · ·〉 denotes averaging over events in a given centrality bin.
Hydrodynamic evolution linearly relates {n} and the correspond-
ing elliptic ﬂow v2{n} measured from the n-particle azimuthalcorrelation [33]. [See, however, a recent study [34] which suggests
a possible mixing of different harmonics due to ﬂuctuations.] An
empirical formula which works at RHIC is [5]
v2{2} = {2}
(
v2

)
hydro
1
1+ λK0
〈S〉
〈 dNdη 〉
, (5)
and a similar relation between v2{4} and {4}. In (5), (v2/)hydro ≈
0.2 is the ideal hydrodynamics result and the parameter λ/K0 =
5.8 fm−2 measures the degree of incomplete equilibration. S is the
area of the overlap region calculated as
S = 4π
√
σ 2x σ
2
y − σ 2xy, (6)
and dNdη ≈ 1.5 dNchdη is the total hadron rapidity distribution. (We
neglect the small difference between the rapidity and the pseu-
dorapidity.)
In pp collisions, we employ the same formulae (1)–(4), with the
averaging in (2) performed for the “liberated” gluons, i.e., those in
the initial state radiation. In doing so, we apply a rapidity cut such
that only gluons which are separated from the beam directions by
more than 2 units of rapidity are included in the averaging (2).3
The validity of the use of (5) in pp collisions at the LHC is a priori
not clear and requires an explanation. We ﬁrst note that hydro-
dynamic simulations show that v2/ as a function of 1S
dN
dη falls
essentially on the same curve both at RHIC and at the LHC in
spite of the difference in energy by a factor of about 14 [6], and
both for Au–Au and Cu–Cu at RHIC although they differ in size
by a factor of two [5]. [The parameters (v2/)hydro and λ/K0 in
principle depend on the temperature, but their changes are small
due to the softness of the QCD equation of state.] We then re-
call the general argument that the applicability of hydrodynamics
is controlled by the dimensionless parameter α ≡ λK0 SdN/dη rather
than the system size. In our simulations, the necessary condition
α < 1 is well satisﬁed in a broad Nch range even after allowing for
some uncertainty in the parameter λ/K0. On the other hand, it is
hard to imagine hydrodynamic behaviors in systems smaller than
S ∼ 1 fm2 which roughly sets the border between the hadronic
and nuclear scales. We thus expect that (5) can be marginally
applied for S > 1 fm2, and this condition is better satisﬁed in high-
multiplicity events (see below).
For the actual evaluation of v2, we propose the following slight
improvement of (5)
(
v2{2}
)2 =
(
v2

)2
hydro
〈
2part
(1+ λK0 SdN/dη )2
〉
, (7)
and similarly,
(
v2{4}
)4 =
(
v2

)4
hydro
{
2
〈
2part
(1+ λK0 SdN/dη )2
〉2
−
〈
4part
(1+ λK0 SdN/dη )4
〉}
. (8)
The reason is that in pp collisions the eccentricity  and the area
S ﬂuctuate widely even at ﬁxed dN/dη. Eqs. (7) and (8) nicely cap-
tures this event-by-event correlation between  and S . Note that
3 We could have included only gluons which are centrally produced, say, within
|η| < 1. However, we ﬁnd it more reasonable to average over a wider range in rapid-
ity in order to make up for the lack of the ﬁnal state radiation in the eccentricity
calculation. Noncentral gluons are connected to the central ones by color strings,
and the early stage ﬁnal state radiation from the noncentral gluons will contribute
to the central energy density (and vice versa) before hydrodynamics starts to oper-
ate.
396 E. Avsar et al. / Physics Letters B 702 (2011) 394–397Fig. 1. (Color online.) Predictions for the eccentricity and the interaction area S
[fm2] (×0.1) at 7 TeV versus the charged multiplicity in the interval |η| < 0.9 at√
s = 7 TeV.
it is the squared value (v2{2})2 (and also (v2{4})4) that directly
comes out of the experimental measurement of ﬂow via multipar-
ticle correlations [18]
v22{2} =
〈{
cos
(
2(φi − φ j)
)}〉
, (9)
v42{4} = 2
(
v2{2}
)4 − 〈{cos(2(φi + φ j − φk − φl))}〉, (10)
where φi is the azimuthal angle of the ith outgoing particle and
averaging over all pairs (and 4-plets) satisfying some cut require-
ments is implied. In the case of nucleus–nucleus collisions, the
ﬂuctuations are rather small so that (7) essentially reduces to the
previous formula (5).
We have generated pp events at
√
s = 7 TeV and 14 TeV with
randomly chosen impact parameter 	b, and classiﬁed events in bins
of the charged particle multiplicity Nch . The averaging 〈· · ·〉 has
been taken in each bin. Unlike in nucleus–nucleus collisions, in
pp collisions the impact parameter is not measurable, and there is
no simple scaling between the centrality and the multiplicity (not
even between the centrality and the effective area S) because of
the ﬂuctuations. Still, the majority of high-multiplicity events in
our MC simulations comes from collisions with b ≈ 0.
In Fig. 1, we plot the results for {2}, {4} and 〈S〉 as a func-
tion of Nch within the ALICE acceptance |η| < 0.9 (central detector)
at 7 TeV. Events with Nch = 60 typically have 12 dipole–dipole
(gluon–gluon) subcollisions. We see that the eccentricity is 20–40%
in the highest multiplicity region, similar to the value in semi-
central nucleus–nucleus collisions.
If the rescatterings among liberated partons (not included in
DIPSY) are strong enough, then the nonzero  will give rise to
v2 according to the modiﬁed formulae (7), (8). We plot the re-
sults for v2{2} and v2{4} in Fig. 2. We see that v2 is more or
less constant and is about 4–6%. This is comparable to the value
in nucleus–nucleus collisions at RHIC and at the LHC. We discuss
the implications of these results below. The Monte Carlo shows no
signiﬁcant difference at 14 TeV (results not shown) even though
high-multiplicity events are then more frequent.
It is worth noting that DIPSY predicts that the conventional def-
inition of the eccentricity
s ≡
σ 2y − σ 2x
σ 2y + σ 2x
, (11)
typically takes a negative value, if the impact parameter is chosen
in the x-direction. This is in stark contrast to the nucleus–nucleusFig. 2. (Color online.) Predictions for v2{2} and v2{4} calculated from Eqs. (7) and
(8) versus the charged multiplicity in the interval |η| < 0.9 at √s = 7 TeV. The error
bars are from statistics only.
case where the interaction region is roughly the geometrical over-
lap of two colliding nuclei so that s > 0 always. While s is
unmeasurable in pp collisions, this still illustrates the fact that the
origin of the eccentricity is very different from that in the nucleus–
nucleus case.
4. Discussion
The rather large value of elliptic ﬂow v2 ∼ 6% that we have ob-
tained in the ﬂow scenario may seem promising at ﬁrst. However,
in practice the observed v2{2} and v2{4} differ from the genuine
v2 by the so-called nonﬂow contribution
(
v2{n}
)n = vn2 + δn, (12)
where δn is the n-particle correlations not associated with ﬂow,
such as resonance decays and the back-to-back correlations from
hard and semi-hard scatterings. In nucleus–nucleus collisions, they
are relatively innocuous because they scale with the multiplicity as
δn ∼ 1
Nn−1ch
. (13)
In pp collisions, we expect that the nonﬂow contribution is less
suppressed than (13) due to various initial and ﬁnal state effects.
Most importantly, high-multiplicity events often contain several
jets and mini-jets, and particles within a pair of recoiling jets typi-
cally give a large contribution cos2(φi −φ j) ≈ 1 to the average (9).
There are also correlations from the initial state partonic evolution
which is initiated by only a few partons. These correlations tend
to enhance the nonﬂow contribution δn , making the isolation of
vn2 diﬃcult for small values of n.
Indeed, the ALICE Collaboration has found that v2{2,4} de-
crease slowly with Nch [35]. This slow decrease is also observed
in Monte Carlo simulations, meaning that the scaling (13) does
not hold for pp collisions. In the highest multiplicity events,
v2{2} ≈ 0.13 [35] which is twice as large as the ﬂow contribution
v2 ≈ 0.06. This implies that the two-particle correlation is domi-
nated by nonﬂow effects.
This situation in pp collisions necessitates us to look at higher
order cumulants v2{n} with n  4 which are by deﬁnition insen-
sitive to two-particle nonﬂow correlations. In this regard it is very
interesting to notice that the ALICE Collaboration [35] also reported
the measurement of v2{4} in pp, and found that the right-hand
E. Avsar et al. / Physics Letters B 702 (2011) 394–397 397side of (10) is negative. [(v2{4})4 ≈ −10−4 in the highest multiplic-
ity bins.] The same phenomenon can be seen in MC simulations
like PYTHIA (as done in [35]) and also in DIPSY without assum-
ing ﬂow. On the other hand, as shown in Figs. 1 and 2, ({4})4
and (v2{4})4 are positive in the ﬂow scenario at large Nch . Leaving
the origin of negative four-particle nonﬂow correlations for future
work, we conclude with a prediction that, if there is ﬂow in the
large Nch region, then the fourth order cumulant (10), which is
negative in the absence of ﬂow, will eventually turn positive.
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